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Observations that important biological effects of 2-nitro-
imidazoles are associated with reductive metabolism! have led to
considerable interest in nitromidazole reduction chemistry. Re-
cently we have reported? that 2-(hydroxylamino)imidazoles, the
products of four-electron reductions, can be prepared in acid but
at pH 7 they are unstable. In this paper we identify products of
the decomposition and also report kinetic data. A mechanism is
then proposed that has novel chemical features and that, moreover,
may have biological relevance.

The hydroxylamine 1 of 2-nitro-1-methylimidazole was isolated
as its HCI salt after pH 3.5 electrolysis.2 Product and kinetic
experiments were conducted at 25 °C in N, bubbled solutions.
The hydroxylamine is unstable; at all pHs, products are the cis
and trans isomers of 2. These have been identified from their
360-MHz NMR spectra,’ and analytically pure samples have been
prepared by the reaction of glyoxal and N-methylguanidine hy-
drochloride.%® First-order rate constants for the reaction (Figure
1) were obtained from the decrease in hydroxylamine absorbance
at 230-240 nm. These suggest a mechanism where the neutral
hydroxylamine undergoes H*-catalyzed and noncatalyzed loss of
the hydroxyl group, resulting in the cation 5, a nitrenium ion,
which in rapid steps is converted to products. The kinetic equation
is rate = (kg + ky[H*])[1]; this gives kypeq = (ko + ky-
[H*DK,/([H*] + K,) assuming rapid equilibration of 1 and 1H*
This equation can be fit to the experimental data using nonlinear
least squares to give ko = 0.013 87!, kyy = 1.2 X 102 M 57}, and
pK, = 6.9. The k, process is responsible for reaction above pH
4, while the ki process occurs below pH 4. The pH independency
of k,psq in acids arises because of the opposing effects of pH on
the rate of decomposition and the relative concentration of the
reactive neutral form.

Several supporting pieces of evidence can be provided. (i) The
UV spectrum of the hydroxylamine is pH dependent, and by
extrapolation to zero time a spectroscopic pK, of 7.0 has been
obtained, in good agreement with the kinetic value. (ii) The
2-(hydroxylamino)-1,3-dimethylimidazolium ion,® a model for 1H*

(1) Rauth, A. M. Int. J. Radiat. Oncol., Biol., Phys. 1984, 10, 1293-1300
and references therein.

(2) McClelland, R. A.; Fuller, R. F.; Seaman, N. E.; Rauth, A. M
Battistella, R. Biochem. Pharmacol. 1984, 33, 303-309.

(3) Trans-2-C1(75%): 65.18 (1 H,d, J=0.7Hz), 507 (1 H,d,J = 0.7
Hz), 3.03 (3 H, 5). cis-2-C1 (25%): 65.38 (1 H,d, J = 5.5 Hz), 5.24 (1 H,
d,J = 5.5 Hz), 2.95 (3 H, s). Stereochemical assignments have been made
using the Karplus relationship.

(4) N-methylguanidine hydrochloride and a 10% excess of glyoxal were
left at pH 8 for 5 days, the water was removed and methanol added, and the
pure 2-Cl (as a cis/trans mixture) precipitated in 85% yield by addition of
ether.

(5) The product is a 4,5-dihydro-4,5-dihydroxyimidazolium salt. For sim-
ilar preparations involving 1,2-dicarbonyl compounds and amidines or guan-
idines, see: Conforth, J. W.; Huang, H. T. J. Chem. Soc. 1948, 731-735,
Shapiro, R.; Hachmann, J. Biochemistry 1966, 5, 2799-2807. Imbach, J. L.;
Jacquier, R.; Lacombe, J. M.; Maury, G. Bull. Soc. Chim. Fr. 1971,
1052-1062. Nishimura, T.; Nakano, K.; Shibamoto, S.; Kitajima, K. J.
Heterocycl. Chem. 1975, 12, 471-476. Nishimura, T.; Kitajima, K. J. Org.
Chem. 1976, 41, 1590-1595; 1979, 44, 818-824.
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Figure 1. First-order rate constants for the decomposition of 1 (25 °C,
under N,).
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which cannot give a structure analogous to the neutral 1, is stable
at pH 7. (iii) 5-Carbomethoxy-2-(hydroxylamino)-1-methyl-
imidazole® is also stable at pH 7. This has a strong electron-
withdrawing group at C-5 which destabilizes the cation. (iv) An
electronic effect is also observed at N-1. The 2-hydroxylamine
with 1-CH,CONHCH,CH,0H? has k, = 0.0015 s7!, 8 times
smaller than the value for 1-Me. (v) Decomposition of 1 in the
presence of cysteamine results in additional products. Two of these
have NMR spectral characteristics® similar to those of the two
isomers of 2 and we propose that these are structural analogues
with one or possibly two RS groups in place of OH. Structure
3 shown in Scheme I is one possibility. A third product is also
present with a singlet proton resonance in the aromatic region.?
A product of this type has previously been characterized from
glutathione and the 2-nitroimidazole misonidazole.” By analogy
we draw structure 4 in the present system. While the structural
assignments of 3 and 4 are tentative what is important is that the
rate constants are independent of the extent of their formation;
that is, there is no dependence on thiol concentration. Thus a
mechanism is required where the thiol enters after the rate-limiting
step.

Our proposed mechanism is directly analogous to the Bamberger
rearrangement of benzenoid hydroxylamines,'® with two important
differences. First the benzenoid reaction produces aromatic
products,!! whereas saturation of C4-CS5 is the usual result with
the imidazole. This undoubtedly reflects the resonance energy
differences in the two systems. Second, nitrenium ion formation
with the benzenoids requires acid catalysis (or activation of the

(6) Prepared as described for the methyl derivative.

(7) These products are unstable and thus far we have been unable to isolate
them in pure form.

(8) A: 4537 (1 H,d,J=1.6 Hz), 495 (1 H,d, J = 1.6 Hz), 3.06 (3
H,s). B: §5.56 (1 H,d, J = 6.5 Hz), 5.31 (1 H,d, J = 6.5 Hz), 2.96 (3
H,s). C: §7.27 (1 H,s), 3.53(3 H, s). A complex set of signals at § 3.4-3.0
associated with the CH,CH, group is also present.

(9) Varghese, A. J. Biochem. Biophys. Res. Commun. 1983, 112,
1013-1020.

(10) Sono, T.; Tokudo, Y.; Sakai, T.; Shinkai, S.; Manabe, O. J. Chem.
Soc., Perkin Trans 2 1981, 298-302.

(11) For an exception to this, see: Gassman, P. G.; Granrud, J. E. J. Am.
Chem. Soc. 1984, 106, 2448-2449.
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hydroxyl by conversion to a good leaving group!?). With the
imidazole an efficient noncatalyzed reaction occurs. This dif-
ference is explained by relative nitrenium ion stability.’> With
the heterocyclic system, a resonance contributer Sb can be written
with all atoms satisfying the octet rule.

In conclusion we note that nitrenium ions are now generally
accepted as important intermediates of the metabolism of aromatic
amines,!4 responsible for covalent binding to various biological
nucleophiles. These same nucleophiles also interact with reduced
nitroimidazoles.! The results of this study suggest that a mech-
anism involving an electrophilic intermediate is entirely plausible
with this system also.

Acknowledgment. This work was supported by grants from the
National Cancer Institute of Canada, Medical Research Council
of Canada, and Ontario Cancer Treatment Research Foundation.,

Registry No. 1.HCI, 94944-71-5; cis-2-Cl, 94944-72-6; trans-2-Cl,
94944-73-7, N-methylguanidine hydrochloride, 21770-81-0; glyoxal,
107-22-2.

(12) See: Gassman, P, G.; Granrud, J. E. J. Am. Chem. Soc. 1984, 106,
1498-1499,

(13) Hartman, G. D.; Hartman, R. D. Mutat. Res. 1983, 117, 271-277.

(14) Miller, E. C. Cancer Res. 1978, 38, 1479-1496.

Total Synthesis of Streptazolin: An Application of the
Aza Analogue of the Ferrier Rearrangement

Alan P. Kozikowski* and Pyeong-uk Park
University of Pittsburgh, Department of Chemistry
Pittsburgh, Pennsylvania 15260
Received August 20, 1984
Streptazolin (1) is a lipophilic neutral compound first isolated

by Drautz and Zahner in 1981 from cultures of Streptomyces
viridochromogenes.! Due to the ease with which streptazolin

i 2, R=H

3s R = Ac

polymerizes in concentrated form, its purification and charac-
terization were made additionally difficult. Its dihydro derivative
2 does, on the other hand, represent a stable compound. An X-ray
structural analysis? as well as extensive NMR studies were carried
out on the acetate derivative 3 of this dihydro material. 3,9-
Dihydrostreptazolin has been found to exhibit marginal anti-
bacterial and antifungal activity.!

A total synthesis effort directed toward streptazolin is made
particularly intriguing because of the necessity of generating this
molecule in a manner that is suited to its interception and detection
in dilute form. Starting from the allyl-substituted tetrahydro-
pyridine 4, prepared by a Ferrier-like reaction between allyltri-
methylsilane and N-carboethoxy-4-hydroxy-1,2,3,4-tetrahydro-
pyridine as described previously,’ the terminal double bond was

(1) Drautz, H.; Zihner, H.; Kupfer, E.; Keller-Schierlein, W. Helv. Chem.
Acta 1981, 64, 1752. Professor W. Keller-Schierlein has informed us (private
communication, Aug 24, 1984) that the Z configuration shown in their paper
for streptazolin was drawn arbitrarily.

(2) Karrer, A.; Dobler, M. Helv. Chim. Acta 1982, 65, 1432.

hydrated,* the intermediate alcohol oxidized to aldehyde,’ and
the oxime derivative 5§ generated (Scheme I).

An INOC reaction of this oxime was then induced with sodium
hypochlorite to provide the isoxazoline 6.° The N-O bond was
cleaved by Raney nickel/acetic acid hydrogenolysis with main-
tenance of the cis ring fusion stereochemistry (J = 8.5 Hz)” and
the resulting 8-hydroxy ketone transformed to a-bromo ketal 7
by exposure to bromine in ethylene glycol. The hydroxy! group
was protected as its MOM ether,® and dehydrobromination was
brought about by DBU/Me,SO treatment. Since attempts to
epoxidize the double bond of the ketone derived from 8 failed,
the carbonyl group of 9 was reduced to alcohol, and epoxidation
with 3,5-dinitroperoxybenzoic acid® was carried out. That the
epoxidation reaction had occurred from the concave face of the
cis-fused ring system (hydroxyl directed)!? was made apparent
from the subsequent transformations.

The alcohol was now reoxidized to ketone, and elimination of
the MOM-protected §-alcohol was triggered by 1 N NaOH
treatment. A standard Wittig reaction on the resulting enone 11
employing ethylidenetriphenylphosphorane (from the phosphonium
bromide and #-BulLi) in ether (sealed tube, 65 °C) afforded a 2:1
mixture of the E olefin 12a and the Z olefin 12b. By using the
phosphorane prepared from the corresponding iodide and con-
ducting the reaction at room temperature, the E/Z ratio varied
from 2/1t07/6.!'! Since the structures of these Wittig products
could not be firmly established through chemical shift comparisons,
NOE difference experiments were carried out.!? The data ac-
quired provided good support for the assignment of E stereo-
chemistry to 12a and Z stereochemistry to 12b. On treating this
E/Z mixture with sodium methoxide, ring opening of the epoxide
at its allylically activated site occurred with concomitant intra-
molecular attack by the newly freed alkoxide anion on the
neighboring urethane carbonyl group. The moderately stable
O-methyl ether derivative 13 of streptazolin was so formed (2:1
E/Z mixture). To ensure the structure of this material, especially
as regards the stereochemical relationships among carbon centers
5, 6, and 7, the synthetic material was hydrogenated over palla-
dium on carbon to the tetrahydro derivative 14. Authentic di-
hydrostreptazolin acetate, kindly provided by Professor Drautz,
was converted to dihydrostreptazolin by methanolic ammonia
treatment and this intermediate was O-methylated and hydro-
genated to furnish 14. The 300-MHz 'H NMR spectrum of this
“naturally derived” substance matched precisely that obtained
for the synthetic material (Scheme II).

To prepare streptazolin itself, opening of the epoxide with an
easily deprotectable hydroxyl derivative was required. Surpris-
ingly, sodium acetate in acetic acid led in 71% yield to the hydroxy
acetates 15 as an £/Z mixture. These poorly stable intermediates
were separated by HPLC and then admixed individually with

(3) Kozikowski, A. P.; Park, P.-u. J. Org. Chem. 1984, 49, 1676. The use
of silicon reagents for the functionalization of carbohydrates has proven quite
popular: Kozikowski, A. P.; Sorgi, K. L. Tetrahedron Lett. 1982, 23, 2281.
Kozikowski, A. P.; Sorgi, K. L.; Wang, B. C.; Xu, Z.-b. Tetrahedron Leit.
1983, 24, 1563. Hosomi, A.; Sakata, Y.; Sakurai, H. Tetrahedron Lett. 1984,
25,2383, Lewis, M. D.; Cha, J. K.; Kishi, Y. J. Am. Chem. Soc. 1982, 104,
4976, Williams, R. M.; Stewart, A. O. Tetrahedron Lett. 1983, 24, 2715.
Dawe, R. D.; Fraser-Reid, B. J. Chem. Soc., Chem. Commun. 1981, 1180.
Cupps, T. L.; Wise, D. S.; Townsend, L. B. J. Org. Chem. 1982, 47, 5115.
Danishefsky, S.; Kerwin, J. F. J. Org. Chem. 1982, 47, 3803. Sakurai, H.;
Sasaki, K.; Hayashi, J.; Hosomi, A. J. Org. Chem. 1984, 49, 2808.

(4) Brown, H. C.; Liotta, R.; Scouten, C. G. J. Am. Chem. Soc. 1976, 98,
5297.

(5) Corey, E. J.; Suggs, J. W. Tetrahedron Lett. 1975, 2647.

(6) Kozikowski, A. P. 4cc. Chem. Res. 1984, 17, 410.

(7) Wollenberg, R. H.; Goldstein, J. E. Synthesis 1980, 757. Kozikowski,
A. P.; Adamczyk, M. Tetrahedron Lett. 1982, 3123.

(8) Fuji, K.; Nakano, S.; Fujita, E. Synthesis 1975, 276.

(9) Rastetter, W. H.; Richard, T. J.; Lewis, M. D. J. Org. Chem. 1978,
43, 3163.

(10) Berti, G. Top. Stereochem. 1973, 7, 93.

(11) The use of salt-free Wittig conditions (Sreekumar, C.; Darst, K. P;
Still, W. C. J. Org. Chem. 1980, 45, 4260) led to a 10:1 mixture of the E and
Z isomers. The stereochemical outcome of this reaction can be rationalized
by Schlosser’s “leeward approach” model: Schlosser, M.; Schaub, B. J. Am.
Chem. Soc. 1982, 104, 5821.

(12) The NOE data are available as supplementary material.
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